STUDIES DIRECTED TOWARDS THE TOTAL SYNTHESIS OF RADICICOL, (S)-ZEARALENONE AND DEVELOPMENT OF NEW SYNTHETIC METHODOLOGIES by P, VISHNU MURTHY
Synopsis 
 
ii 
 
Chapter Ι  
 
Section A: 
 
(S)-Zearalenone is a naturally occurring 14-membered macrolactone of              
a resorcylic acid family. (S)-Zearalenone (Figure 1) exhibits anabolic, estrogenic, 
uterotropic and anti bacterial activity. (S)-Zearalenone found worldwide in a number of 
cereal crops such as maize, barely, oats, wheat, rice, and sorgum and also in bread. The 
major species of fungus responsible for producing this mycotoxin is Fusarium 
graminarium. It was first isolated by Stob and co-workers in 1962 from the fungus 
Gibberella zeae (Fusarium graminearum), growing as a mould on corn. In this 
Compound one chiral center is present whose absolute configuration was described as 
‘S’. (S)-Zearalenone was first synthesized by at Merck Sharp and Dohme in rahway. 
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Zeranol (Figure 1) is a 14-memebered macrolide and closely related to 
Zearalenone. Zeranol is a animal growth promoting agent, Zeranol is employed as an 
anabolic cattle-growth stimulant, and the compound has also undergone clinical trials as 
a potential treatment for menopausal and post menopausal syndrome.  
 
Section B: 
 
  In continuation of our synthesis of biologically active natural products, we 
report herein an efficient and practical total synthesis of (S)-Zearalenone. 
 
Retrosynthetic Analysis:  
 
As an ongoing project on the synthesis of biologically active natural products, 
we have initiated a program on the total synthesis of (S)-Zearalenone. Accordingly, the 
disconnection approach provides two major segments 4 and 5 as the key intermediates 
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for the total synthesis of (S)-Zearalenone. These two fragments coupled via Mitsunobu 
esterification process and terminal double bonds coupled with ring-closing metathesis.  
Further oxidation and demethylation afforded the (S)-Zearalenone (Scheme 1). 
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Scheme 1: Retrosynthetic Analysis 
 
Aromatic acid 4 was prepared via Diels-Alder reaction between the 1,4 diene 6 
and the acetylenic dienophile 7 which was prepared from homopropargyl alcohol by 
established methods. Alcohol 5 was prepared from 5-hexene-1-ol 10 by using 
subsequent reactions like DHP protection, oxidation, Jacobsen resolution, epoxide 
opening and further Grignard reaction.   
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Results and Discussions: 
 
The diene 6 was prepared from 1,3 dimethoxyresorcinol 11. Birch reduction of 
compound 11 with Lithium in liquid ammonia and ethanol as the proton source afforded 
2,5-dihydro-3-methoxyanisole 6 containing unconjugated double bonds as the result    
of kinetically controlled reaction. Acetylenic dienofile 7 was prepared from 
homopropargyl alcohol 9 which was protected to its TBS ether 12 with using TBSCl, 
imidazole and catalytic amount of DMAP in CH2Cl2 at room temperature for 2 h 
obtained the TBS protected alkyne 12 in 95% yield as a clear oil. The alkyne 12 was 
converted into corresponding ester 7 with ClCO2Me, n-BuLi, in THF at -78 oC for 1 h 
obtained the acetylenic ester 7 in 80 % yield as oily liquid.  
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Scheme 2 
Reagents and Conditions: (i) TBSCl, DMAP, CH2Cl2, r.t, 95%; (ii) n-BuLi, ClCO2Me 
THF, -78 oC, 80%; (iii) 6, Neat, N,N-Dimethyl aniline (Cat), 180 oC, 2 days, 40%;      
(iv) HF-Py, CH3CN, r.t, 90%; (v) I2, CH3CN, Et2O, r.t, 95%; (vi) a) tBuOK, THF, r.t, 
90%; b) LiOH-H2O, MeOH, H2O (3:1), reflux, 85%.          
 
With the acetylenic ester 7 in hand we next appended the Diels-Alder reaction. 
In that way 2,5-dihydro-3-methoxyanisole 6 was reacted with dienophile 7 (acetylenic 
ester) in presence of catalytic amount of N,N-dimethyl aniline (promotes the conversion 
of 1,4-diene to 1,3-diene)  at 180 oC for 2 days in a sealed tube to afford the ester 13 in 
40% yield. Then the compound 13 was subjected to deprotection of TBS group with 
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HF-Pyridine (1 M solution in THF) in CH3CN at room temperature for 3 hours to get 
compound 14, which on treated with TPP and iodine in presence of imidazole in ether 
and acetonitrile at room temperature for 1h resulted into iodo compound 15. The iodo 
compound 15 was subjected to ene formation using  tBuOK, in dry THF at 0 oC for 2 h 
to afford the compound 16 in 90% yield, which on ester hydrolysis with LiOH-H2O in 
MeOH, H2O (3:1) at 70 oC for 24 h provided the aromatic acid 4 (Scheme 2). 
The synthesis of compound 5 was started from the 5-hexene-1-ol 10, which was 
protected with 2,3-dihydro-2H-pyran, and then oxidized to corresponding epoxide 18. 
The solvent free hydrolytic kinetic resolution of 18 with 0.3 mol% (S,S)-salen-
Co(III)(OAc) complex [(S,S)-N,N’-bis(3,5-di-tert-butylsalycylidene)-1,2-cyclohexaned- 
iamino-Co(III) acetate]  furnished chiral epoxide 19 in 93% ee (determined by chiral 
HPLC). Reductive opening of epoxide 19 using LAH afforded alcohol in excellent 
yield.  
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Scheme 3 
Reagents and Conditions: (i) a) DHP, PPTS, CH2Cl2, r.t, 95%; b) m-CPBA, CH2Cl2, 
r.t, 90%; (ii) a) (S.S) Jacobsen cat, CH3COOH, H2O, Toluene, 40%; (iii) a) LiAlH4, 
THF,  0 oC to  r.t, 90%; b) TBDPSCl, Imidazole, CH2Cl2, 90%; (iv) a) PPTS, C2H5OH, 
94%; b) IBX, DMSO, CH2Cl2 89%; (v) a) 5-pentenyl bromide, Mg, THF, 0 oC to r.t, 
80%; (vi) DHP, PPTS, CH2Cl2, 90%; (vii) TBAF, THF, 90%.           
 
The resulting hydroxy group was oxidized with IBX gave the aldehyde 8, which 
was subjected to Grignard reaction with 5-pentenyl bromide, Mg in THF to get 
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secondary alcohol 23 in 80% yield. The subsequent protection to its THP ether and 
deprotection of TBDPS group gave alcohol 5 in 90% yield (Scheme 3). 
Having both the acid 4 and secondary alcohol 5 in hand, the next goal was to 
couple both by employing Mitsunobu esterification reaction. Accordingly, the acid 4 
and alcohol 5 were treated with diethyl azodicarboxylate (DEAD) in Et2O to afford the 
ester 25 in 90% yield with the appropriate stereogenic center. It was subjected to THP 
deprotectiom and olefin metathesis reaction using second generation Grubb’s catalyst, 
(PCy)3Cl2Ru=CHPh. for the formation of desired product trans macrolactone 3 in 80% 
yield.  
 
OMe
MeO
O
OH OH OTHP
OMe
MeO
O
O
OTHP
OMe
MeO
O
O
OH
(i)
(ii) (iii)
4 25
3
+
OH
HO
O
O
O
(S)-Zearalenone
1
5
 
Scheme 4 
Reagents and Conditions: (i) DEAD, TPP, Et2O, r.t, 90%; (ii) a) PPTS, C2H5OH, 85%; 
b) (PCy)3Cl2Ru=CHPh, Toluene, reflux, 80%; (iii) a) IBX, DMSO, CH2Cl2, r.t, 85%;   
b) AlI3, TBAI, C6H6, 70%. 
  
[ 
Macrolactone 3 was oxidized with IBX into ketone in 85% yield, which on 
subsequent demethylation with AlI3, (insitu generated from Al powder and I2, by 
refluxing in benzene for 1 h) and catalytic amount of TBAI, in benzene at 10 oC for 1 h 
provided desired (S)-Zearalenone in 70% yield. The 1H NMR, 13C NMR data and 
optical rotation of the synthetic (S)-Zearalenone 1 were in agreement with that reported 
in the literature (Scheme 4). 
Reduction of the olefinic bond of compound 3 with Pd-C in C2H5OH at room 
temperature for 2 h under hydrogen balloon gave 28 in 80% yield, which on subsequent 
demethylation with AlI3 (insitu generated from Al powder and I2, by refluxing in 
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benzene for 1 h) and catalytic amount of TBAI, in benzene at 10 oC for 1 h provided 
Zeranol in 70% yield and this analytical data were in good agreement with the reported 
data (Scheme 5). 
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Scheme 5 
Reagents and Conditions: (i) Pd-C, H2, C2H2OH, r.t, 80%; (ii) AlI3, TBAI, C6H6, 70%. 
  
In conclusion, we have synthesized (S)-Zearalenone through the Mitsunobu 
esterification and ring-closing metathesis of acid 4 and alcohol 5. The stereochemistry 
in aliphatic fragment was established by Jacobsen resolution method. The aromatic acid 
4 was prepared through Diels-Alder approach based strategy. This approach should be 
widely applicable to complex natural product synthesis. 
 
Chapter ΙI  
 
This chapter is divided in to two sections. 
 
Section A:  
 
This section describes the introduction and previous approaches of radicicol. 
Radicicol (Figure 1) is a 14-membered resorcynylic macrolide originally 
isolated from Monosporium bonorden and initially named as Monorden. Radicicol 
exhibits a variety of antifungal, antibiotic, and anticancer properties.  
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Figure 1 
Synopsis 
 
viii 
 
It has high binding affinity to heat shock protein 90 (Hsp90) molecular 
chaperon. Inhibition of this protein provides a broad and effective target for the 
treatment of cancer. 
 
Section B:  
 
In continuation of our synthesis of biologically active natural products, we discussed 
herein synthetic studies towards the total synthesis of radicicol. 
 
Retrosynthetic Analysis: 
 
 The retrosynthetic approach (Scheme 1) was envisioned to proceed via 
esterification method between aromatic fragment 3 and epoxyalcohol 4 and further 
coupling of terminal olefinic bonds with ring-closing metathesis.  
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Scheme 1 Retrosynthetic Analysis 
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Enone ester 18 was prepared via Diels-Alder reaction between 1,4-diene 11 and 
the acetylenic dienophile 5. Compound 5 was prepared from methylpropiolate by 
established methods. Epoxy alcohol 4 was prepared from substituted homallylic alcohol 
6 by formation of carbamate 26 and further chiral epoxide formation process. Alcohol 6 
was prepared from propargyl alcohol 8 by established methods.   
 
Results and Discussions: 
 
The diene 11 was prepared from 1,3-dimethoxyresorcinol, which on Birch 
reduction by using Lithium in liquid ammonia and ethanol as the proton source afforded 
2,5-dihydro-3-methoxyanisole 11 containing unconjugated double bonds as the result of 
kinetically controlled reaction. Acetylenic dienophile 5 was prepared from 
methylpropiolate 7 which was coupled with allylbromide by using CuI, K2CO3 and 
TBAI in DMF at room temperature to obtain ene ester in 84% yield. Ene ester was 
oxidized with m-CPBA in CH2Cl2, gave epoxy ester 13 in 82% yield, which on reacting 
with CeCl3-7H2O, in CH3CN at reflux condition afforded chloro alcohol and further 
protection with TBSCl obtained acetylenic ester 5 in 95 % yield. 
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Scheme 2 
Reagents and Conditions: (i) a) allylbromide, CuI, TBAI, Na2CO3, DMF, r.t, 84%;       
b) m-CPBA, CH2Cl2, r,t, 82%; (ii) a) CeCl3-7H2O, CH3CN, r.t, 85%; b) TBSCl, 
Imidazole, CH2Cl2, r,t,  95%; (iii) 11, N,N-Dimethyl aniline (Cat.), Neat 180 oC, 2 days,  
40 %; (iv) a) HF-Py, CH3CN, 85%; b) IBX, DMSO, THF, 84%; (v) a) TPP, CHCl3, I N 
NaOH, crotonaldehyde, benzene, 35%. 
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  With the acetylenic ester fragment 5 in hand we next appended the Diels-Alder 
reaction. The dienophile 5 and diene 11 in hand, the reaction was set for Diels-Alder 
reaction. Thus 2,5-dihydro-3-methoxyanisole on reacting with dienophile 5 (acetylenic 
ester) in presence of catalytic amount of N,N-dimethyl aniline (promotes the conversion 
of 1,4-diene to 1,3-diene)  at 180 oC for 2 days in a sealed tube afforded the ester 15 in 
40% yield. Then the compound 15 was subjected to deprotection of TBS group with 
HF-Pyridine (1 M solution in THF) in CH3CN at room temperature for 3 hours to get 
alcohol, which on oxidation with IBX gave α-chloro keto compound 17 in 84% yield. 
Chloro compound 17 was refluxed with TPP in CHCl3 for 3 h to obtain TPP salt of 
chloro compound. It was treated with 1N NaOH solution and extracted with CHCl3 to 
afford crude ylide, which was directly used for Wittig reaction without any purification. 
In this sequence ylide was refluxed with crotonaldehyde in benzene for 6 h, to obtain 
the aromatic conjugated enone 18 in 35% yield (Scheme 2).  
 
Substituted homoallylic alcohol 6 was synthesized from readily available 
propargyl alcohol 8 (Scheme 3). Alcohol was subjected to subsequent reactions like 
benzyl ether protection, allylbromide coupling, and then oxidation obtained epoxide 21. 
Solvent free hydrolytic kinetic resolution of compound 21 with 0.3 mol% (S,S)-salen-
Co(III)(OAc) complex [(S,S)-N,N’-bis(3,5-di-tert-butylsalycylidene)-1,2-cyclohexaned- 
iamino-Co(III)-acetate]  furnished chiral epoxide 22, in 96% ee (determined by chiral 
HPLC).  
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Scheme 3 
Reagents and Conditions: (i) a) BnBr, NaH, THF, 0 oC to  r.t, 85%; b) allylbromide, 
CuI, TBAI, Na2CO3, DMF, 85%; c) m-CPBA, CH2Cl2, 82%; (ii) (S.S) Jacobsen cat, 
CH3COOH, H2O, Toluene, 42%. 
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Reductive opening of epoxide 22 using LAH afforded alcohol, which on 
simultaneous debenzylation and triple bond reduction by using Lithium in liquid 
ammonia obtained diol 24. Further primary alcohol protection with TBSCl afforded 6 in 
90% yield. Compound 6 was treated with trichloroacetyl isocyanate, K2CO3, MeOH,  
CH2Cl2, to furnish carbamate 25 in 80% yield. Compound 25 on treatment with I2 
provided iodo compound 26. Further treatment with the resin Amberlyst A 26 (in the 
OH- form), in methanol gave chiral epoxide 27 in 70% yield as a pale yellow oil.  
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Scheme 4 
 
Reagents and Conditions: (i) a) LiAlH4, THF, 0 oC to  r.t, 90%; b) Li/Liq NH3, THF,     
-78 oC, 80%; (ii) a) TBSCl, Imidazole, CH2Cl2, 90%; b) Cl3CCONCO, CH2Cl2, K2CO3, 
MeOH, 0 oC, 80%; (iii) I2, Et2O, aq NaHCO3. (iv) Amberlyst A 26 OH-form, MeOH, 
70%; (v) a) TBDPSCl, Imidazole, CH2Cl2, 90%; b) HF-Py, CH3CN, 75%; (vi) a) IBX, 
DMSO, THF, 85%; b) CH3P+Ph3I-, tBuOK, THF, 0 oC, 60%; (vii) TBAF, THF, 6 h,    
90 %. 
 
Epoxide 27 was protected with TBDPSCl, and further deprotection of TBS 
group with HF-Pyridine (1 M solution in THF) in CH3CN gave compound 29 in 75% 
yield. This on subsequent oxidation with IBX, Wittig olefination by using CH3P+Ph3I- 
salt, with  tBuOK, and further deprotection of TBDPS group provided epoxy alcohol 4 
in 90% yield (Scheme 4).  
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Our next objective was to couple aromatic acid group with alcohol by 
esterification process and coupling of olefinic bonds with ring-closing metathesis, and 
further chlorination to get the radicicol dimethyl ether 2.  
 
In this sequence aromatic ester 18 was subjected to ester hydrolysis. We have 
attempted various reagents under different reaction conditions to get the desired acid 3. 
Unfortunately none of the attempts were successful to get acid product. We protected 
the keto group of aromatic ester 18 with 1,3-propanedithiol to obtain corresponding 
ester 32 and attempted all hydrolysis reaction conditions. All the attempts were 
unsuccessful to get the desired aromatic acid (Scheme 5).  
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Scheme 5 
Reagents and Conditions: (i) a) LiOH·H2O, MeOH-H2O (3:1); b) LiCl, DM, r.t; c) 10% 
KOH, C2H5OH-H2O, (9:1); d) TMSOK, DME, ∆; e) LiOH·H2O, 1,4-dioxane, r.t.  
 
In conclusion, we have prepared aromatic ester 18 by Diels-Alder reaction 
involving diene 11 and dienophile 5. Other fragment chiral epoxide 4 was prepared by 
the stereoselective carbamate formation method. This Diels-Alder approach based 
strategy should be widely applicable to complex natural product synthesis. 
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Chapter III  
 
This chapter describes the development of new synthetic methodologies. This chapter is 
again subdivided into four sections. 
 
SECTION A: 
 
Introduction on Amberlyst-15® and its applications in organic synthesis. 
 
SECTION B:  
 
This section describes the coupling of aromatic aldehydes with homopropargyl alcohol 
using Amberlyst-15® as a novel reagent system. 
            In this section we reported the facile synthesis of β-butynyloxy enones by the 
coupling of homopropargyl alcohol and aldehydes using Amberlyst-15® as inexpensive 
and recyclable heterogeneous solid acid catalyst in CH2Cl2 at room temperature. 
Accordingly, coupling of benzaldehyde 1 with 3-butyn-1-ol 2 in the presence of an acid 
resin. The reaction went to completion within 2.5 h and the product, 5-(3-butynyloxy)-
1-phenyl-(E)-1-penten-3-one 3a was obtained in 86% yield (Scheme 1). 
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Scheme 1 
Similarly, various substituted benzaldehydes reacted efficiently with 3-butyn-1-
ol under similar reaction conditions to afford a wide range of conjugated enones (entries 
b-k, Table 1). This method is equally effective for both electron-rich as well as electron-
deficient aromatic aldehydes.  
 
In summary, this protocol describes the novel and efficient approach for the 
preparation of β-butynyloxy enones through the 2:1 coupling of homopropargyl alcohol 
and aldehydes using Amberlyst-15® as a heterogeneous solid acid. The use of an 
inexpensive and recyclable acid resin makes this method simple, convenient and 
economically viable.  
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Entry Aldehyde 1 Homopropargylalcohol product 3a Time (h) Yield (%)b
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3.0 86
2.5 82
3.5 90
4.0 81
3.5 87
3.0 85
5.0 79
3.5 82
4.5 75
4.0 80
5.0 72
3.0 85
4.0 78
Table 1. Synthesis of α, β unsaturated ketones from  aldehydes and homopropargyl alcohol
a All products were characterized by 1H NMR, IR and mass spectroscopy.
b Isolated and unoptimized yields.
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SECTION C: 
 
This section describes the synthesis of α,β-unsaturated ketones by coupling of alkynes 
with aldehydes using Amberlyst-15® as a novel reagent system. 
In this part of work we described the facile synthesis of different kinds of enones 
by the coupling of alkynes and aldehydes using Amberlyst-15® as inexpensive and 
recyclable heterogeneous solid acid catalyst in CH2Cl2 at room temperature. Initially, 
we attempted the coupling of phenylacetylene 1 with paraformaldehyde 2 in the 
presence of Amberlyst-15®. The reaction proceeded to completion within 3.0 h and the 
product, 1-phenylprop-2-en-1-one 3a was obtained in 86% yield (Scheme 1). 
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Scheme 1 
Different types of alkynes and aldehydes reacted readily under similar 
conditions to afford a wide range of conjugated enones. The cross coupling of internal 
alkynes such as 1-phenyl-1-propyne, 1-phenyl-1-butyne and 1-phenyl-1-hexyne with 
paraformaldehyde gave the product as a mixture of vinyl ketone and 1,3-dioxane in       
a 2:1 ratio (Scheme 2).  
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In summary, we have described an efficient protocol for the preparation of    
α,β-unsaturated ketones from alkynes and aldehydes using Amberlyst-15® as a novel 
promoter. This method provides high yields of products in short reaction times with 
high selectivity. The use of inexpensive and recyclable acid resin makes this method 
quite simple, more convenient and economically viable.  
Synopsis 
 
xvi 
 
SECTION D: 
 
This section describes the three-component coupling of an aldehyde, acetic anhydride 
and allyltrimethylsilane/ TMSCN using LiBF4 as a novel reagent system. 
In this section we explored the use of Lithium tetrafluoroborate as a novel Lewis 
acid catalyst for the allylation and cyanation of aldehydes with allyltrimethylsilane and 
trimethylsilyl cyanide to produce allylic acetates and α-cyano acetates (Table 1) in 
excellent yields under very mild conditions. Accordingly, treatment of 3,4-
dichlorobenzaldehyde 1 with allyltrimethylsilane 2 and acetic anhydride in the presence 
of 10 mol% Lithium tetrafluroborate in acetonitrile gave 1-(3,4-dichlorophenyl)-3-
butenyl acetate 3a in 85% yield (scheme 1). 
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Scheme 1 
Treatment of aryl aldehydes with TMSCN in the presence of acetic anhydride 
gave the corresponding α-cyano acetates in high yields (Scheme 2) 
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Scheme 2 
 
[ 
In summery, we have described highly efficient and convenient catalytic 
medium for the preparation of homoallylic acetates and α-cyano acetates in a one-pot 
operation from aldehydes, aceticanhydride, and allyl trimethylsilane/trimethylsilyl 
cyanide in presence of 10 mol % of lithium tetrafluoroborate in acetonitrile. In addition 
to its simplicity, and mild reaction conditions, this method is clean and provides high 
yields of products making it a useful and attractive strategy for the preparation of 
homoallylic acetates and α-cyano acetates under neutral conditions.  
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Table 1. LiBF4-catalyzed allylation and cyanation of aldehydes
Entry Aldehyde 1 TMS-X Product 3a Time (h) Yieldb (%)
H
O
H
O
MeO
MeO
H
O
Cl
H
O
H
O
Br
OMe
H
O
H
O
PhO
Cl
Cl
H
O
Me
Si
Si
Si
Si
Si
Si
Si
Si
OAc
OAc
MeO
MeO
OAc
PhO
OAc
Cl
OAc
Br
OAc
Cl
OAc
OAc
Me
OMe
Cl
H
O OAc
NO2NO2
a
b
c
d
e
f
g
h
i
j
1.5 85
752.0
2.5 70
2.5 80
2.5 80
2.0 70
1.5 80
2.0 70
1.5 85
2.5 70
a All products were characterized by 1H NMR, IR and mass spectroscopy.
b Yield refers to pure products after chromatography.  
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Table 1. LiBF4-catalyzed allylation and cyanation of aldehydes
Si
H
O
Si
OAc
Entry Aldehyde 1 TMS-X Product 3a Time (h) Yieldb (%)
H
O
MeO
MeO
H
O
H
O
H
O
H
O
Cl
Si
Si
Si
OAc
CN
MeO
MeO
OAc
CN
OAc
OAc
CN
OAc
Cl
k
l
m
n
o
p
q
r
s
2.5 75
75
2.0 80
2.0 80
2.5 75
2.0 70
1.5 79
2.0 85
2.5 75
a All products were characterized by 1H NMR, IR and mass spectroscopy.
b Yield refers to pure products after chromatography.
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